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ABSTRACT 

The  pulse  response  of  a variety  of  power  transformers  was  determined, 
with  emphasis  on  Faraday-shielded  transformers . Tests  were  conducted 
on  seven  transformers  and  an  Inductrol  regulator  at  the  SAFEGUARD  North 
Dakota  site.  The  transformers  range  in  size  from  10  MVA  to  D50  VA. 

The  analysis  program  used  the  test  results  to  the  transformer  character- 
istics, and  to  calculate  the  shielding  effectiveness  cf  the  transformers 
lor  a variety  of  input  conditions,  loads,  and  wiring  configurations. 


KEY  WORDS 


EMP 

Faraday-Shield 

Isolation 


Regulator 

Transformer 


TM-82 


* 


TABLE  OF  CONTENTS 


1.0  TRANSFORMER  ANALYSIS  SUMMARY 

1.1  Objective 

1.2  Scope 

1.3  Approach 

1.4  Assumptions 

1.5  Summary  of  Results 

2.0  TEST  AND  ANALYSIS  PROGRAM 

2.1  Measurement  Technique 

2.2  Calculation  Technique 

2.3  Capacitive  Pi  Network 

3.0  DETAILED  RESULTS 

4.0  POWER  SUBSYSTEM  ANALYSIS 

5.0  DATA  FLOW  EXAMPLE 


PAGE 

1 

1 

1 

1 

4 

5 

12 

12 

18 

31 

33 

122 

134 


* ^ 


TM-82 


LIST  OF  FIGURES 


MBER 

1 

Example  Power  System 

PAGE 

13 

2 

Two-Port  Parameters 

14 

3 

Mode  1 

15 

4 

Mode  2 

16 

5 

Mode  3 

17 

6 

Mode  5 

19 

7 

Mode  1A  & 2A 

20 

8 

Mode  3A 

21 

9 

Mode  4A,  Inductrol  Regulator 

22 

10 

General  Spectrum  of  Double  Exponential  Pulse 

24 

11 

Pulse  Frequency  Ranges 

26 

12 

Data  Flow  Summary 

27 

13 

Data  Flow  Diagram  - Part  I 

28 

14 

Data  Flow  Diagram  - Part  II 

29 

15 

Data  Flow  Diagram  - Part  III 

30 

16 

PI  1004 

32 

17 

Mode  1 

37 

18 

Mode  1 

37 

19 

Mode  1 

38 

20 

Mode  1 

38 

21 

Mode  1 

39 

22 

Mode  1 

39 

23 

Mode  1 

a? 

24 

Mode  1 

42 

25 

Mode  1 

43 

26 

Mode  1 

4? 

27 

Mode  1 

44 

28 

Mode  1 

44 

29 

Mode  1 

47 

30 

Mode  1 

44 

ii 


1 l 


TM-82 


LIST  OF  FIGURES  (CONT.) 


31 

Mode  1 

48 

32 

Mode  1 

48 

33 

Mode  1 

49 

34 

Mode  1 

49 

35 

Mode  1 

52 

36 

Mode  1 

“ r 

37 

Mode  1 

53 

38 

Mode  1 

54 

39 

Mode  1 

54 

40 

Mode  2 

57 

41 

Mode  2 

57 

42 

Mode  2 

58 

43 

Mode  2 

58 

44 

Mode  2 

61 

45 

Mode  2 

61 

46 

Mode  2 

62 

47 

Mode  2 

63 

48 

Mc.de  2 

63 

49 

Mode  3 

66 

50 

Mode  3 

66 

51 

Mode  3 

67 

52 

Mode  3 

6 7 

53 

Mode  3 

68 

54 

Mode  3 

68 

55 

Mode  1 

71 

56 

Mode  1 

71 

57 

Mode  1 

72 

58 

Mode  1 

72 

59 

Mode  1 

73 

60 

Mode  1 

73 

i i i 


TM-82 


LIST  OF  FIGURES  (CONT.) 


61 

Mode  2 

76 

62 

Mode  2 

76 

63 

Mode  2 

77 

64 

Mode  2 

77 

65 

Mode  2 

78 

66 

Mode  2 

78 

67 

Mode  2 

80 

68 

Mode  2 

81 

69 

Mode  2 

82 

70 

Mode  1 

85 

71 

Mode  1 

85 

72 

Mode  1 

86 

73 

Mode  1 

86 

74 

Mode  1 

87 

75 

Mode  1 

87 

76 

Mode  2 

90 

77 

Mode  2 

90 

78 

Mode  2 

91 

79 

Mode  2 

91 

80 

Mode  5 

94 

81 

Mode  5 

94 

82 

Mode  5 

95 

83 

Mode  5 

95 

84 

Mode  1A 

98 

85 

Mode  2A 

98 

86 

Mode  1A 

99 

87 

Mode  2A 

99 

88 

Mode  3A 

102 

89 

Mode  3A 

102 

90 

Mode  3A 

103 

iv 


TM-82 


LIST  OF  FIGURES  (CONT.) 

91  Mode  3A  103 

92  Mode  3A  104 

93  Mode  3A  104 

94  Mode  3A  105 

95  Mode  3A  105 

96  Mode  4A  Boost  110 

97  Mode  4A  Boost  110 

98  Mode  4A  Boost  111 

99  Mode  4A  Boost  111 

100  Mode  4A  Boost  112 

101  Mode  4A  Boost  112 

102  Mode  4A  Boost  113 

103  Mode  4A  Boost  113 

104  Mode  4A  Buck  118 

105  Mode  4A  Buck  118 

106  Mode  4A  Buck  119 

107  Mode  4A  Buck  119 

108  Mode  4A  Buck  120 

109  Mode  4A  Buck  120 

110  Mode  4A  Buck  121 

111  Mode  4A  Buck  121 

112  Assumed  Termination  Impedance  Attached  to  Outer  123 

End  of  Buried  Cable 

113  Assumed  Load  Impedance  Attached  to  Outer  End  of  123 

50  Foot  Load  Cable 

114  Transient  Voltage  Waveform  at  Transformer  Input  126 

115  Transient  Current  Waveform  at  Transformer  Input  127 

116  Transient  Voltage  Waveform  at  Transformer  Output  Terminals  128 

117  Transient  Current  Waveform  at  Transformer  Output  Terminals  129 

118  Transient  Voltage  Waveform  at  Load  Terminals  130 

119  Transient  Current  Waveform  at  Load  Terminals  131 


v 


TM-32 


LIST  OF  FIGURES  (CONT.) 


120 

Magnitude  of  Voltage  Spectrum  at  T-1004 
from  ZAPTST  Case  Using  P-5  Pulse 

Input  Terminals 

132 

121 

Magnitude  of  Voltage  Spectrum  at  T-1004 
from  the  ZAPTRN  Case  Reported  in  Table  1 

Input  Terminals 

133 

122 

TF12  Yll  Amplitude  Data 

135 

123 

TF 12  Yll  Phase  Data 

136 

124 

TF12  Y12  Amplitude  Data 

137 

125 

TF12  Y12  Phase  Data 

138 

126 

TF12  Y22  Amplitude  Data 

139 

127 

TF12  Y22  Phase  Data 

140 

128 

TF12  A Parameter  Magnitude 

141 

129 

TF12  A Parameter  Phase 

142 

130 

TF 12  B Parameter  Magnitude 

143 

131 

TF12  B Parameter  Phase 

144 

132 

TF 12  C Parameter  Magnitude 

145 

133 

TF12  C Parameter  Phase 

146 

134 

TF12  D Parameter  Magnitude 

147 

136 

TF12  D Parameter  Phase 

148 

136 

TF12  ABCD  Determinant  Magnitude 

149 

137 

TF12  ABCD  Determinant  Phase 

150 

138 

TF12  Open  Circuit  Voltage  Transfer  RationMagni tude 

151 

139 

TF12  Open  Circuit  Voltage  Transfer  Ratio 

Phase 

152 

140 

TF12  Loaded  Voltage  Transfer  Ratio 

153 

141 

TF12  Imput  (Y)  Pulse  Spectrum  (P5) 

154 

142 

TF i?  Input  (Y)  Pulse  Amplitude 

165 

143 

TF12  Output  (a)  Pulse  Spectrum 

156 

144 

TF12  Output  (a)  Pulse  Amplitude 

157 

TM-82 


LIST  OF  TABLES 

NUMBER  PAGE 


1 

Transformers  Tested 

6 

2 

Definitions  of  Modes 

8 

3 

Data  Summary 

9 

4 

Inductrol  Regulator  Data  Summary 

11 

5 

Pulse  Parameters 

25 

Sa 

Calculations  Summary 

34 

6 

Transformer  TF12 

35 

7 

Transformer  TF12 

36 

8 

Transformer  TF12 

40 

9 

Transformer  TF12 

41 

10 

Transformer  TFAA/FA 

45 

11 

Transformer  TFAA/FA 

46 

12 

Transformer  TFAA/FA 

50 

13 

Transformer  TFAA/FA 

51 

14 

Transformer  TFAA/FA 

55 

15 

Transformer  TFAA/FA 

56 

16 

Transformer  TFAA/FA 

59 

17 

Transformer  TFAA/FA 

60 

18 

Transformer  TFAA/FA 

64 

19 

Transformer  TFAA/FA 

65 

20 

Transformer  TF1004 

69 

21 

Transformer  TF1004 

70 

22 

Transformer  TF1004 

74 

23 

Transformer  TF1004 

75 

24 

Transformer  TF1004 

79 

25 

Transformer  TF 1C 10 

83 

26 

Transformer  1010 

84 

27 

Transformer  1010 

88 

28 

Transformer  1010 

89 

29 

Transformer  1010 

92 

vi  i 


TM-82 


LIST  OF  TABLES  (CONT.) 


30 

Transformer  TF1010 

93 

31 

Transformer  Control 

96 

32 

Transformer  Control 

97 

33 

Transformer  T17363 

100 

34 

Transformer  T17363 

101 

35 

Regulator 

106 

36 

Regulator 

108 

37 

Regulator 

114 

38 

Regulator 

116 

39 

Summary  of  Computer  Results 

125 

TM-82 


1.0  TRANSFORMER  ANALYSIS  SUMMARY 


1.1  OBJECTIVE 

In  the  analysis  of  EMP  propagation  in  power  systems,  evaluation  of  the  isola- 
tion provided  by  the  power  transformers  is  required.  Some  major  sources  of 
EMP  coupling  into  a power  system  are  overhead  lines,  buried  cables,  unshield- 
ed equipment,  etc.  Critical  areas  are  isolated  by  shields,  filters,  transform- 
ers, switchgear,  etc.  The  numerical  values  for  the  EMP  isolation  provided  by 
these  isolation  devices  are  needed  for  the  calculation  of  EMP  levels  at  vari- 
ous locations  throughout  the  power  system.  The  objective  of  this  study  was 
to  determine  the  EMP  shielding  effectiveness  of  the  types  of  transformers 
used  in  the  SAFEGUARD  System. 

1.2  SCOPE 

A test  and  analysis  program  was  developed  arid  completed  to  characterize 
the  pulse  response  of  a variety  of  power  transformers,  with  emphasis  on 
Faraday-shielded  transformers.  Tests  were  conducted  on  seven  transformers 
and  an  Inductrol  regulator  at  the  SAFEGUARD  North  Dakota  site.  The  trans- 
formers range  in  size  from  10  MVA  to  250  VA.  Fire  are  three-piiase  shielded, 
two  are  single-phase  unshielded.  The  analysis  program  used  the  test  results 
to  determine  the  transformer  characteristics,  and  to  calculate  the  shielding 
effectiveness  of  the  transformers  for  a variety  of  input  conditions,  loads, 
and  wiring  configurations. 

1.3  APPROACH 

To  establish  the  basic  approach  to  the  determination  of  EMP  isolation  pro- 
vided by  large  Faraday-shielded  transformers , a definition  of  what  is  meant 
by  "transformer  isolation"  is  required,  suitable  test  data  is  needed,  and 
both  input-output  circuitry  and  disturbing  pulse  shapes  must  be  specified. 
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1.3  (Continued) 

For  purposes  of  this  study,  "transformer  isolation"  is  defined  as 
1)  the  ratio  01  peak-output  to  peak-input  pulse  currents  under  selected 
conditions,  and  2)  the  ratio  of  peak-output  to  peak-input  pulse  voltages 
under  selected  conditions.  The  selected  conditions  involve  the  specifi- 
cation of  appropriate  disturbing  pulse  shapes,  input  circuits,  and  load 
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1.3  (Continued) 

circuits,  for  a particular  transformer  type.  It  is  necessary  to  note  the 
possibility  of  obtaining  widely  different  numerical  values  of  isolation  for 
different  transformers  for  various  selected  conditions.  Thus, one  of  the 
important  aspects  of  this  study  has  been  the  choice  of  the  selected 
conditions  to  represent  the  particular  applications  of  each  transforuer 
to  yield  a response  matrix  for  those  particular  applications,  and  to 
establish  the  variability  or  the  isolation  for  various  parameters  to 
permit  the  estimation  of  isolation  for  cases  which  have  not  been  specific- 
ally evaluated. 

To  obtain  test  data,  the  transformers  were  connected  in  various  "modes" 
or  circuit  configurations  to  establish  two-port  (black  box)  representations 
of  the  propagation  of  EMP  through  the  transformers.  Then  in  general,  y- 
parameter  data  for  these  configurations  were  taken  in  the  frequency 
domain.  The  frequency  range  used  for  most  of  the  swept-cw  data  was 
30  kHz  to  32  MHZ>  Spot-cw  data  was  obtained  at  1 kHz  and  50  kHz.  Data 
up  to  100  MHz  was  obtained  for  one  transformer. 

The  input  and  output  circuits  external  to  the  transformer  are  represented 
by  a resistive  source  impedance  and  a resistive  load  in  most  cases. 

Also  the  response  of  a system,  consisting  of  a direct  buried  cable, 
a transformer,  another  cable,  and  a complex  load,  was  calculated.  The 
values  of  the  resistive  sources  and  loads  for  a particular  transformer  are 
based  on  calculations  of  the  equivalent  transmission-line  impedance  of  the 
associated  conduit,  or  the  equivalent  resistance  of  the  associated 
loads.  The  disturbing  pulses  are  represented  as  double-exponential 
pulses  having  suitable  frequency  content.  The  pulse  response  for  each 
transformer  and  each  of  its  selected  conditions  was  computed  using  Fourier 
transform  methods. 
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1.3  (Continued) 

Several  data  processing  programs  were  developed  for  reducing  the 
transformer  data.  The  original  frequency  domain-data  is  in  terms  of 
the  magnitude  of  the  y parameters  and  the  associated  phase.  This  data  is 
digitized,  then  converted  to  ABCD  parameters  by  the  ABCDOF  program.  The 
ABCD  parameters  are  the  most  useful  for  system  calculations,  since  the 
ABCD  parameters  for  system  elements  can  be  chained  together  to  represent 
larger  portions  of  a system.  Such  a calculation  is  shown  in  Appendix  A. 

The  data  was  originally  taken  in  terns  of  y parameters  because  a single- 
point ground  can  be  readily  established  for  th^  associated  measurement 
circuitry.  The  ABCDOF  program  produces  1024  complex  numbers  per  parameter, 
to  represent  a particular  transformer.  These  parameters  can  be  stored 
on  tape  and  used  by  the  ZAPTST  program  to  compute  pulse  response  for  the 
selected  conditions.  As  an  alternative,  the  ABCDOF  output  can  be  input 
to  the  SHAKER  routine,  which  selects  the  98  most  significant  complex 
numbers  per  parameter  for  output  on  cards.  The  accuracy  of  SHAKER  is 
readily  checked  by  comparing  plots  uf  the  ABCD  parameters  from  SHAKER 
with  the  ABCDOF  output  plots.  The  current  technique  for  use  of  SHAKER 
(input  of  inverse  ABCD  parameters)  has  been  found  to  provide  excellent 
accuracy  in  most  cases.  The  availability  of  the  transformer  ABCD 
parameters  on  cards  from  SHAKER  has  been  very  convenient  for  some 
applications.  The  SHAKER  output  in  addition  to  the  direct  ABCDOF  output, 
is  used  by  the  ZAPTST  program  to  compute  pulse  response  for  the  selected 
conditions. 

1.4  ASSUMPTIONS 

The  approach  for  the  determination  of  transformer  isolation  for  this 
study  rests  on  several  assumptions  which  are  implicit  in  the  above 
discussion.  The  basic  assumptions  are: 
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1.4  (Continued) 

1)  That  transformer  isolation  can  be  defined  as: 

a)  The  ratio  of  peak-output  to  peak-input  pulse  currents  under  selected 
load  conditions,  and 

b)  The  ratio  of  peak-output  to  peak-input  pulse  voltages  under  selected 
load  conditions. 

2)  That  the  double-exponential  pulse,  with  the  particular  set  of  time  con- 
stants used  for  this  study,  is  a suitable  representation  of  the  threat- 
induced  pulses. 

3)  That  the  source  and  load  impedances  can  be  adequately  represented  by 
selected  values  of  resistance. 

4)  That  the  two-port  configurations,  or  modes,  properly  represent  the 
propagation  of  EMP  through  the  transformers. 

5)  That  the  test-instrumentation  configuration  accurately  measured  the 
two-pcrt  parameters. 

6)  That  the  data-processing  procedure  resulted  in  meaningful  calculations 
of  the  pulse  amplitudes. 

These  assumptions  are  reasonable,  and  are  in  agreement  with  test  results 
obtained  at  the  North  Dakota  SAFEGUARD.  Site  tests  were  directed  primarily 
at  overall  verification  and  were  not  planned  to  verify  each  assumption 
separately. 

1.5  SUMMARY  OF  RESULTS 

The  transformers  listed  in  table  1 were  measured.  The  type  of  measurements 
taken  and  che  data  used  for  the  isolation  calculations  also  are  givon  i" 
this  table. 

The  TFCP-1,  10  MVA,  1 1 5KV-41 60V , 30  transformer  was  tested  with  the 
primary  (a)  terminals  shorted  and  driven  against  ground  with  a pulse 
generator.  The  secondary  (y ) wires  were  individually  loaded  with  17-ohm 
resistors  to  ground.  The  neutral  (y)  was  grounded. 
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1.5  (Continued) 

For  the  drive  pulse,  the  observed  t was  60  nsec,  consistent  with 

5 P g 

values  of  f * 8 x 10  Hz,  f 0 - 6 x 10  Hz  from  the  calculated  Fourier 

a p 

transform  (see  Chapter  2).  The  peak  pulse  current  transfer  ratio  was 
measured  to  be  -27  dB  with  shield  connected,  and  -24  dB  with  shield 
disconnected.  The  cw  transfer  function  showed  a pronounced  resonance 
(minimum  attenuation)  at  106  Hz,  where  the  attenuation  was  -22  dB. 

These  values  seen  approximately  consistent  with  the  more  detailed 
analysis  of  the  other  transformers.  The  definitions  of  the  different 
configurations,  or  modes,  are  given  in  table  2 . A total  of  381  diff- 
erent combinations  of  pulse  shape,  input  resistance,  and  output  resistance 
were  used  in  transformer  calculations.  Table  2 shows  the  values  of 
source  and  load  resistance  which  correspond  to  the  data  summary  in 
table  3.  The  pulse-time  constants  (P5)  were  4 x 10  and  5 x 10  sec" 
for  this  table. 

From  table  3,  it  can  be  seen  that  for  shielded  transformers , with  the 
shield  connected,  and  for  Mode  1,  which  is  the  most  pertinent  mode,  for 
the  worst-case  loading,  the  transformers  provide  at  least  6-dB  isolation 
for  pulse  propagation  from  Y to  A,  and  at  least  10-dB  isolation  for 
propagation  from  A to  Y.  For  the  nominal  source  and  load  resistances, 
at  least  12-dB  isolation  for  Y to  A and  at  least  16-dB  isolation  A to  Y 
is  shown.  For  the  low-impedance  secondary  (Y)  load,  at  least  10-dB 
isolation  from  Y to  A and  at  least  30-dB  isolation  from  A to  Y is  found. 
The  differential  modes  show  significantly  more  isolation. 

Source -impedance  variations  have  small  effect  on  isolation.  In  most 
cases  a low-impedance  source  (2ft)  shows  slightly  less  isolation  (0-6  dB) 
than  high  values. 
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TABLE  2 DEFINITIONS  OF  MODES 

MODE  1 : COMMON  MODE  A , COMMON  M'OE  Y,  NEUTRAL  GROUNDED 

MODE  2 : COMMON  MODE  A , COMMON  MODE  Y , NEUTRAL  UNGROUNDED 

MODE  3:  DIFFERENTIAL  MODE  A,  COMMON  MODE  Y,  NEUTRAL  GROUNDED 

MODE  5:  DIFFERENTIAL  MODE  A .DIFFERENTIAL  MODE  Y,  NEUTRAL  GROUNDED 

MODE  IAS  COMMON  MODE  PRIMARY,  DIFFERENTIAL  MODE  SECONDARY  SINGLE 

PHASE  TRANSFORMER 

MODE  2A:  DIFFERENTIAL  MODE  PRIMARY , DIFFERENTIAL  MODE  SECONDARY. 

SINGLE  PHASE  TRANSFORMER 


MODE  3A  ‘ COMMON  MODE  PRIMARY, 

COMMON  MODE  S 

ECONDARY 

SINGLE 

TRANSFORMER 

CONDITIONS  FOR 

DATA  SUMMARY 

INPUT 

OUTPUT 

Lr 

ZL 

WORST  CASE  Y 

A 

1ft 

Oo 

A 

Y 

1ft 

00 

LO*  IMPEDANCE  Y 

A 

2ft 

30  ft 

SECONDARY  & 

Y 

30ft 

2ft 

NOMINAL 

A 

30ft 

30  ft 

A 

Y 

son 

30  ft 

8 


**•**•«*  ***»' 
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TABLE  3 DATA  SUMMARY 


WNSFORMER 

MOOF., 

SHIELD 

PULSE  DIRECTION 

VOLTAGE  ISOLATION 

,dB,(P5) 

INPUT 

OUTPUT 

WORST  CASE 

LOW  IMP 
SECONDARY 

NOMINAL 

TF1 2 

1 ON 

Y 

A 

-7 

-12 

-18 

A 

Y 

-15 

-31 

-19 

1 OFF 

Y 

A 

-6 

-11 

-15 

A 

Y 

-15 

-26 

-17 

TFAA/FA 

1 ON 

Y 

A 

•6 

-12 

-12 

A 

Y 

-10 

-33* 

16 

1 OFF 

Y 

A 

-2 

-6 

-9 

A 

Y 

3 

-25* 

-8 

2 ON 

Y 

A 

5 

-12 

-14 

A 

Y 

-9 

1 

CO 

o 

* 

-15 

2 OFF 

Y 

A 

2 

-8 

-6 

A 

Y 

-4 

-30* 

•9 

3 ON 

Y 

A 

24 

-34 

-28 

A 

Y 

•29 

-48* 

-30 

TFT  004 

1 ON 

Y 

-17 

-21 

-22 

A 

Y 

-16 

-36* 

-22 

2 ON 

Y 

A 

-17 

-20 

-24 

A 

Y 

-17 

37* 

24 

W 1004 

2 ON 

A 

Y 

-20 

36* 

-24 

TF1010 

1 ON 

Y 

A 

-6 

-10 

16 

A 

Y 

-12 

-30* 

-16 

2 ON 

Y 

A 

-6 

- 

-15 

A 

Y 

-11 

- 

15 

5 ON 

Y 

A 

14 

- 

-32 

A 

Y 

-15 

-56 

-32 

CONTROL 

1A 

HV 

LV 

-5 

-20 

2A 

HV 

LV 

-3 

- 

-16* 

T17363 

3A 

LV 

HV 

+2 

-6 

-7 

HV 

LV 

3 

-30* 

-10 

♦EXTRAPOLATION 
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1.5  (Continued) 

To  disconnect  the  shield  shows  some  reduction  in  isolation.  The  possibility 
that  the  disconnected  shield  still  provides  some  isolation  is  indicated  by 
the  low  values  of  isolation  provided  by  T17363  which  is  an  unshielded  trans- 
former. 

The  50  kVA,  480/277-volt  Inductrol  regulator  was  tested  in  a single-phase 
line-to-ground  configuration  (Mode  4A,  see  Chapter  2).  The  results  are 
summarized  in  table  4.  Terminals  1 and  2 are  the  normal  ac  input  and  out- 
put terminals,  respectively.  The  designation  imput  to  terminal  1,  output 
to  terminal  2 indicates  pulse  propagation  from  the  normal  regulator  imput 
to  its  output,  etc.  A comparison  of  table  3 and  table  4 indicates  that 
the  regulator  provides  less  isolation  than  the  shielded  transformers  for 
worst-case  and  nominal  loads. 

Sufficiently  deta.led  data  in  graphic  form  is  provided  below  to  permit  the 
selection  of  appropriate  values  of  isolation  for  many  specific  applications. 
Also,  values  of  isolation  were  identified  which  are  generally  applicable 
for  a power  system  analysis  when  specific  values  for  each  special  case  are 
not  desired. 

For  the  4160V  to  480V  shielded  transformers,  values  of  10-dB  isolation  from 
480V  (y)  to  4160V  (A)  and  20-dB  isolation  from  4160V  (a)  to  480V  (y)  were 
selected  for  general  application.  For  the  Inductrol  regulator,  a value  cf 
20-dB  isolation  for  both  pulse  propagation  directions  was  selected  for  gen- 
eral application,  since  the  appropriate  load  impedances  are  low. 
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TABLE  4 INDUCTROL  REGULATOR  DATA  SUMMARY 


INPUT 

OUTPUT 

h 

zs 

VOLTAGE  ISOLATION,  dB,  P5 

TO  TERM. 

FROM  TERM. 

Q 

a 

BOOST 

BUCK 

WORST  CASE 

1 

2 

1 

oo 

-2 

-4 

2 

1 

1 

CO 

-5 

-4 

LOW  IMPEDANCE 

1 

2 

1 

1 

-41 

-44 

2 

1 

1 

-41 

-44 

NOMINAL 

1 

2 

| 

50 

-10 

-12 

2 

1 

H 

50 

-12 

-14 

TM-82 


2.0  TEST  AND  ANALYSIS  PROGRAM 
2.1  MEASUREMENT  TECHNIQUE 

An  example  power  system  is  shown  in  figure  1 to  illustrate  how  the 
transformers  are  in  the  EMP  flowpath  from  sources  of  pickup  (enclosures, 
direct  buried  cable,  etc.)  to  sensitive  components  (computers,  crypto 
equipment,  etc.).  Thus,  the  transformer  isolation  for  the  appropriate 
conditions  is  needed  to  properly  calculate  the  pulse  transfer  to  the 
critical  components.  The  transformer  is  considered  as  a four-terminal 
(two-port)  black  box  (figure  2).  The  short-circuit  admittance  parameters 
(y  parameters)  were  measured  in  the  frequency  domain.  Figure  2 illustrates 
the  y parameters  for  a two-port  network,  as  well  as  the  ABCD  parameters 
and  the  formulations  for  the  worst-case  voltage  and  current-transfer 
ratios. 

A three-phase  shielded  transformer  provides  so  many  terminals  that  to 
characterize  such  a transformer  completely  as  an  n-port  network  is 
unnecessarily  complex.  Consequently,  certain  circuit  configurations 
(modes)  have  been  chosen  to  represent  the  propagation  of  EMP  through  a 
transformer.  Figure  3 shows  the  configuration  which  has  been  labeled 
"mode  1",  with  the  corresponding  measurement  technique.  Mode  I 
represents  the  propagation  of  EMP  where  all  three-phase  lines  are 
raised  co  the  same  voltage  above  ground  (common-mode)  at  both  the 
input  and  output  of  the  transformer.  For  mode  l.the  secondary  (y) 
neutral  has  been  grounded.  This  configuration  represents  the  most  pert- 
inent EMP  propagation  mode.  Figure  4 shows  mode  2,  where  the  only 
difference  from  mode  1 is  that  the  neutral  has  been  connected  to  the 
output  terminal  instead  of  ground.  Mode  2 parameters  are  capacitive 
in  the  low-freauercy  region,  simplifying  the  investigation  of  equivalent 
circuits  for  a transformer.  Figure  5 shows  mode  3.  where  the  transformer 
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FIGURE  1 EXAMPLE  POWER  SYSTEM 


MEASUREMENT  TECHNIQUE: 


(1)  SET  V2  = 0( SHORT ) 

DRIVE  V1  I I 

MEASURE  Y..  Y- 

li  .j  -i 

(2)  SET  Yj  - 0 
DRIVE  V2  j 
MEASURE  Y2Z  2- 

(3)  REPEAT  WITH  SHIELD  DISCONNECTED 


E I'.URE  3 M'.IIL  1 


TM-S2 


SHIELD 


MEASUREMENT  TECHNIQUE: 


(1)  SET  V2  = 0( SHORT) 

DRIVE  Vj  j z 

MEASURE  Yu 

(2)  SET  Vj  = 0 
DRIVE  V2 

MEASURE  Yoo  =-fr£- 


(3)  REPEAT  WITH  SHIELD  DISCONNECTED 


FIGURE  4 MODE  2 
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;easurement  TECHNIQUE: 


(1)  SET  V2,  V3  = 0 (SHORT) 
DRIVE  Vj  j 
MEASURE  Yn  =-~~  , Y^j 


(2)  SET  Vj  = 0 (SHORT) 

DRIVE  V2  j j 

MEASURE^,  =-S=~, 


(3)  SET  Vlf  V2  =Q( SHORT ) 

DRIVE  V3  j 
MEAS1RL  Y~  =~ 

o j \U 
o 

(4)  REPEAT  WITH  SHIELD  DISCONNECTED 


r I SURE  5 


MODE  3 
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2.1  (Continued) 

has  been  configured  to  determine  the  conversion  of  a common-mode  signal 
on  the  secondary  (y)  tc  a differential-mode  signal  on  the  primary  (a), 
or  vice-versa.  Mode  4 was  a configuration  developed  to  determine  the 
conversion  of  a common-mode  signal  on  the  primary  (A)  to  a different! al- 
mode  signal  on  the  secondary  (y).  The  analysis  of  the  mode  4 data  was 
considered  of  low  priority  and  was  not  completed.  Figure  6 shows  the 
mode  5 configu* ation.  Mode  5 represents  the  propagation  of  a differential  - 
mode  (between  wires)  input  signal  to  a differential -mode  output  signal. 
Figure  7 shows  the  configurations  used  to  test  the  unshielded,  single- 
phase control  transformer.  Mode  1A  is  a common-mode  primary,  differential- 
mode secondary  configuration.  Mode  2A  is  a differential- mode  primary, 
differential  mode  secondary  configuration.  Mode  1A  and  2A  were  used  to  test 
the  control  transformer. 

Figure  8 shows  the  configuration  used  to  test  the  unshielded,  single- 
phase  50-kVA  power  transformer  T17363.  Mode  3A  is  a common-mode  primary, 
common-mode  secondary  configuration. 

Figure  9 shows  the  configuration  used  to  test  the  three-phase,  50-kVA, 
480/277-volt  inductrol  regulator.  Mode  4A  is  essentially  a differential- 
mode in,  differential-mode  out  configuration  for  one  phase  of  the  regulator. 
This  configuration  was  chosen  as  most  reasonable  to  determine  the 
regulator  line-to-ground  EMP-output  level  from  a common-mode  regulator 
input  pulse  propagated  through  a common-mode  transformer  configuration. 

2.2  CALCULATION  TECHNIQUE 

The  majority  of  the  measurements  are  made  in  the  frequency  domain. 

The  transformer-pulse  responses  are  calculated  using  Fourier-transform 
techniques.  The  use  of  the  combination  of  y-parameter  measurements 
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MEASUREMENT  TECHNIQUE: 


(1)  SET  V2  - 0 (SHORT) 

3RIVE  Vj 

MEASURE  Yu  =-~~  , Y2-  =■ 
(SELECT  A WINDING  FOR  MAX 


(2)  SET  Vj  = 0 (SHORT) 
DRIVE  V2  j 
MEASURF.  Y22  =~~ 


(3)  REPEAT  WITH  SHIELD  DISCONNECTED 


FIGURE  6 


MODE  5 
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X / 


TRANSFORMER  T 17363 


MEASUREMENT  TECHNIQUE: 

(1)  SET  V2  = 0 (SHORT) 

DRIVE  Vj  j j 

MEASURE  Yu  -yL.  Y21 


(2)  SET  Vj  = 0 (SHORT) 


DRIVE  V, 

MEASURE  --rr=-* 
“ ‘2 


FIGURE  8 MODE  3A 
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V 


TERM  1 

— » 

DISCONNECT  THE 
NORMAL  480/ 277V 
INPUT  LINES 


* 


TERM  2 


DISCONNECT  THE 
NORMAL  OUTPUT 
LINES 


SINGLE  PHASE  REGULATOR 


MEASUREMENT  TECHNIQUE 


1)  Set  for  maximum  boost 


a)  Set  ^2~0  (short) 


Drive  ^ 

Measure  Yu»  ^ , 


I 

Y21 = V 


2 

1 


b)  Set  Vj=0  (short) 


Drive  V2 
Measure  Y22 


i 2 
v2 


2)  Repeat  for  maximum  buck 


Figure  9 Mode  4A,  Inductrol  Requlator 
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2.2  (Continued) 

in  the  frequency  domain  with  calculation  of  the  time-domain  pulse 
responses  allows  excellent  flexibility  in  the  choice  of  pulse  shape, 
load  impedance,  and  source  impedance.  The  pulse-time  constants  are 
chosen  to  obtain  the  desired  frequency  content.  Figure  10  shows  the 
spectrum  of  a double-exponential  pulse.  The  bulk  of  the  energy  in  the 
pulse  is  between  the  low-frequency  break  point  f and  the  high- 

frequency  break  point  f , consequently  matching  of  f and  fr  to  the 

P cx 

desired  frequency  range  has  been  the  key  to  selection  of  appropriate 
pulse  shapes.  Table  5 shows  the  pulse  parameters  which  have  been  used 
in  the  transformer  calculations.  P^  represents  the  approximate 
frequency  content  of  pulses  resulting  from  EMI  fields  coupling  into 
inductances.  The  data  supported  the  use  of  only  for  T17363.  r2 
represents  typical  pulsers  coupled  to  a transformer,  P^  is  ar. 
approximation  to  a step  function  and  did  not  compute  properly, 
was  chosen  to  fit  the  majority  of  the  swept-cw  data.  Pg  is  typical  of 
free-field  environments,  cable  pickup,  etc.  and  P^  were  used  for 
the  majority  of  the  calculations.  The  tp  column  of  table  5 gives  the  time 

to  the  peak  for  the  corresponding  pulse,  where  t = 1 C r\<  £ 

p rw  1 .x'- 

Figure  11  shows  the  pulse-frequency  ranges  for  P^,  P^,  and  compared 
with  the  frequency  ranges  for  the  data.  Most  of  the  networx-analyzer 
data  was  taken  from  30  kHz  to  32  MHz>  except  for  T17363,  for  which  the 
upper  frequency  limit  was  100  MH 

Z • 

To  summarize  the  overall  calculational  approach,  the  data  consists  of  y 
parameters  whichare  digitized  and  converted  to  ABCD  parameters,  then 
the  pulse  response  is  calculated  using  input  information  on  either  card 
or  tape.  This  summary  is  shown  in  figure  12.  A more  detailed  data 
flow  is  shown  in  figures  13,  14,  and  15, which  are  self  explanatory. 
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FIGURE  10  GENERAL  SPECTRUM  OF  DOUBLE  EXPONENTIAL  PULSE 
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TABLE  5 PULSE  PARAMETERS 


a(Sec_1) 

B(Sec_1) 

fa  (Hertz) 

i 

fg  (Hertz) 

Tp  (Sec) 

P1 

6 x 107 

5 x 108 

107 

8 x 107 

4.8  x 10‘9 

□ 

2 x 106 

3 x 107 

3 x 105 

5 x 106 

9.8  x 10'8 

□ 

0.1 

o 

iH 

o 

f— • 

1.6  x 10'2 

1.6  x 109 

2.5  x 10‘9 

m 

4 x 105 

108 

6.4  x 104 

1.6  x 107 

5.5  x 10"8 

□ 

4 x 106 

5 x 108 

6.4  x 105 

8 x 107 

9.8  x 10“9 
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UMMARY 


H-F  675A/676A  NETWORK  ANALYZER 

PRODUCES  GRAPHS  OF  | y-| 1 1 , ( V22  j.|v2i  | 
(IN  dBI  AND  PHASE  IN  DEGREES 
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FIGURE  i i DATA  FLOW  DIAGRAM  PARTI 
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FIGURE  15  DATA  FLOW  DIAGRAM  - PART  III 


1 


X r 
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2.3  CAPACITIVE  PI  NETWORK 

The  low-frequency  capacitance  measurements  of  transformer  TF1004  were 
used  in  a pi-network  simulation  of  that  transformer.  The  network  used 
is  shown  in  figure  16.  The  correspondino  y and  ABCD  parameters  were 
calculated  and  input  to  ZAPTST.  The  resulting  isolation  calculations 
are  quite  similar  to  the  TF1004  results,  although  some  y-pa^ameter  values 
were  significantly  different. 
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3.0  DETAILED  RESULTS 

Values  of  transformer  source  and  load  resistance  were  chosen  to  permit 
determination  of  the  pulse  transfer  over  the  range  of  resistances  typical 
of  the  application  of  each  transformer.  Table  5a  provides  a summary  of  the 
calculations,  and  provides  a concise  guide  to  the  location  of  particular 
data.  Data  tables,  tables  6 through  38,  are  provided  to  show  the  results 
of  the  isolation  calculations  performed.  Pulses  P4  and  P5,  and  for  one 
transformer,  pulse  PI,  were  used.  The  peak  pulse  voltage  transfer  ratios  Vy, 
peak  nulse  current  transfer  ratios  ly,  and  integrated  energy  transfer 
ratios  Ey,  were  calculated.  The  ratios  were  expressed  in  dB.  Plots  were  made 
of  selected  data  to  show  transformer  isolation  as  a function  of  both  source 
resistance  Zs,  and  load  resistance  Zy  (figures  17  through  111).  Table  5a 
indicated  the  particular  data  that  were  plotted.  Each  plot  of  isolation 
versus  source  resistance  Z,  is  labled  with  its  associated  value  of  load 
resistance.  Each  plot  of  isolation  versus  load  resistance  Zy  is  labled 
with  its  associated  value  of  source  resistance. 
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TABLE  5a  CALCULATIONS  SUMMARY 


TRANSFORMER 

MODE, 

SHIELD 

PULSE 

DIRECTION 

TABLE 

IN 

OUT 

NO, 

TF12 

1 ON 

Y 

A 

6 

A 

Y 

7 

1 OFF 

Y 

A 

8 

A 

Y 

9 

- - - 

TFAA/FA 

1 ON 

Y 

r A 1 10 

A 

Y 

11 

1 OFF 

v 

A 

12 

A 

Y 

13 

2 ON 

Y 

A 

14 

A 

Y 

15 

2 OFF 

Y 

A 

16 

A 

Y 

17 

3 ON 

Y 

A 

18 

Y 

19 

TF1004 

1 ON 

Y 

A 

20 

A 

Y 

21 

2 ON 

Y 

A 

22 

A 

Y 

23 

77  1004 

2 ON 

A 

L Y , 

24  ! 

TF1010 

1 ON 

Y 

25 

A 

Y 

26 

2 ON 

Y 

A 

27 

A 

Y 

28 

5 ON 

Y 

A 

29 

- - - - . 

A 

Y 

30 

. 1 

CONTROL 

1A 

HV 

LV 

31 

2A 

HV 

LV 

32 

I 

T17363 

3A 

LV 

HV 

33  | 

HV 

LV 

34 

REGULATOR 

4A- 

1 

2 

35 

BOOST 

2 

1 

36 

4A- 

1 

2 

37 

BUCK 

2 

1 

38  j 
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TRANSFORMER  TFT 2 


TABLE  6 

MODE:  i 

INPUT : COM.  Y 

COMPUTER  RUN : F0003399 
* ARED5068 


SHIELD:  ON 
OUTPUT:  COM.  ' 

DATA:  TAPE 

* INVERSE  SHAKER 


h 

et 

PULSE 

-130.87 

-67.23 

P4 

-15.36 

-54.30 

-13.43 

-17.18 

1 

CO 

OJ 

-17.31 

-23.65 

-17.52 

-23.54 

-17.40 

-24.93 

-17.75 

-24.81 

-17.58 

-128.44 

-61.39 

P5 

-12.50 

-43.95 

-16.86 

-8.88 

-17.89 

-9.82 

-22.26 

-9.61 

-23.24 

-10.42 

-23.60 

-10.04 

-24.57 

-10.83  . 

-14.91 

-12.09 

-15.98 

-10.34 

-17.38 

-6.92 

-18.67 

-7.16 

-19.92 

-8.42 

-2c. 34 

-9.45 

-25.03 

-10.44 

-13.61 

-44.53 

-18.00 

-9.86 

CASE 


IL- 


IA 


.A 
4A 
5A 
6A 
7A 
8A 


1 

1 

2 

15 

2 

15 

2 

15 


7 


10 

.001 

10 

10 

32 

32 

40 

40 


-5.10 

-89.57 

-14.88 

-19.41 

-10.03 

-14.54 

-9.38 

-13.89 


IB 

2B 

3B 


4B 

15 

5B 

2 

6B 

15 

7B 

2 

8B 

15 

9B* 

10 

10B* 

10 

1 IB* 

10 

12B* 

10 

13B* 

10 

143* 

10 

15B* 

10 

16  B* 

10 

17B* 

15 

107 

.001. 

10 

10 

32 

32 

40 

40 

2.5 

5 

10 

15 

20 

32 

50 

.001 

10 


-7.57 

-91.56 

-16.55 

20.18 

11.83 

15.42 

11.23' 

14.80 

27.30 

22.48 

18.78 

16.62 

15.54 

-14.04 


-13.01 

-93.86 

-19.03 


7W-82 

TABLE  7 TRANSFORMER  TFT 2 


MODE:  1 SHIELD:  ON 

INPUT:  COM.  A OUTPUT*.  COM.Y 

COMPUTER  RUN:  FBLU3007,  F0001819  DATA*.  * INVERSE  SHAKER 
* ARED50/5  TAPE 

| CASE 

ZS 

ZL 

VI  ... 

__  5 

et 

PULSE 

1 

107 

-13.32 

-128.83 

-63.74 

P4 

1 

.001 

-89.94 

-5.42 

-41.02 

10 

2 

-28.71 

-7.80 

-10.75 

4A 

15 

-19.20 

-15.73 

-9.32 

5A 

2 

-32.71 

-7.99 

-11.10 

6A 

15 

-22.93 

-15.81 

-9.57 

7A 

40 

2 

-33.57 

-7.98 

-11.02 

8A 

40 

15 

-23.79 

-15.78 

-9.49 

IB 

1 

107 

-14.77 

-128.36 

-64.21 

P5 

2B 

1 • 

.001 

-91.36 

-4.92 

-40.86 

3B 

10 

2 

-29.24 

- / . 48 

-10.64 

4B 

10 

15 

-19.68 

-15.45 

- Q 4 9 

5B 

3? 

2 

-30.81 

-3,14 

- 1 1 . i : 

. 6B 

32 

15 

-21.20 

-16.06 

-9.95 

7B 

40 

2 

-30.98  ' 

-8.21 

-11.35 

8B 

40 

15 

-21.35 

-16.12 

-1C. 03  * 

9B* 

10 

10 

-20.52 

-12.97 

-9.20 

10B* 

10 

32 

-17.81 

-19.96 

- 1 j 4 ^ 

11B* 

10 

40 

-17.52 

-21.61 

-12.07 

12B* 

10 

.001 

-92.61 

-5.70 

-41.78 

13B* 

10 

15 

-19.35 

-14.96 

-9.77 

36 


FIGURE  19  MODE  1 INPUT  V TRANS.  TF1 2 

SHIELD  ON  OUTPUT  A PULSE  P5 
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FIGURE  22  MODE  1 INPUT  A TRANS.  TFT 2 

SHIELD  ON  OUTPUT  Y PULSE  P5 


UJ 


BLE  9 

TRANSFORMER  TFT  2 

DE : 1 

SHIELD: 

OFF 

PUT:  COM.  A 

OUTPUT : 

COM.  Y 

VIPUTER  RUN : 

ARED2081 

A0001657 

DATA: 

INVERS 

-14.58 

-90.75 

-18.65 

-26.49 

-19.25 


-126.96 

-4.74 

-15.51 

-8.44 

-15.68 
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FIGURE  23  MODE  1 INPUT  Y 

SHIELD  OFF  OUTPUT  A 


FIGURE  24  MODE  1 INPUT  A 

SHIELD  OFF  OUTPUT  Y 


FIGURE  25  MODE  1 INPUT  Y 

SHIELD  OFF  OUTPUT  L 


FIGURE  26  MODE  1 INPUT  L 

SHIELD  OFF  OUTPUT  Y 
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FIGURE  30  MODE  1 INPUT  & TRANS.  TFAA/FA 

SHIELD  ON  OUTPUT  V PULSE  P4 
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FIGURE  31  MODE  1 INPUT  Y TRANS.  "FAA 

SHIELD  ON  OUTPUT  A PULSE  P5 
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FIGURE  32  MODE  1 INPUT  A TRANS.  TFAA/FA 

SHIELD  ON  OUTPUT  Y PULSE  P5 
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TABLE  12  TRANSFORMER  TFAA/FA 

MODE:  1 SHIELD:  OFF 

INPUT:  COM.  Y OUTPUT:  COM.  . 

COMPUTER  RUN  : A0001652  DATA:  INVERSE  SHAKER 


CASE 

H 

ZL 

v 

h 

•t 

et 

PULSE 

1 

107 

-121.59 

-62.60 

P4 

1 

.001 

-9.84 

-55.75 

20  . 

30 

-7.49 

-8.68 

-10.09 

4A 

5A 

6A 

7A 

8A 

5 

30 

-6.54 

-11.25 

-12.95 

IB 

1 

107 

-2.34 

-114.90 

-53  93 

P5 

2B 

1 

.001. 

-89.83 

-7.34 

-41.2? 

3B 

20 

30 

-7.16 

-10.07 

-3.41 

4B 
5B 
. 6B 
7B 
8B 

/ 

5 

30 

-7.11 

-11.25 

-4.04 

TM-82 


TABLE  13  TRANSFORMER  TFAA/FA 

MODE:  1 SHIELD:  OFF 

INPUT:  COM.  a OUTPUT:  COM.  Y 

COMPUTER  RUN : A0001656  DATA:  INVERSE  SHAKER 

FBLU3004 


CASE 

zs 

Jl. 

.VT 

tt  ' 

et 

PULSE 

1A 

1 

107 

-1.43 

-113.66 

-44.29 

P4 

1 

.001 

-88.04 

-2.25 

-37.18 

H m 

30 

20 

-12.46 

-5.32 

+0.41 

4A 

30 

5 

-21.79 

-2.63 

-*-0.47 

5A 

6A 

7A 

8A 

IB 

l 

107 

-3.67 

-114.87 

-44.97 

P5 

2B 

l 

.001. 

-89.90 

-2.72 

-3- .69 

3B 

30 

20 

-10.79 

-6.il 

-0.60 

4B 

30 

5 

-19.47 

-3.36 

-7.05 

5B 

. 6B 

7B 

8B 
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FIGURE  35 


MODE 

SHIELD 


FIGURE  36 


MODE 

SHIELD 


1 INPUT  Y TRANS.  TFAA/FA 

OFF  OUTPUT  A PULSE  P4 


1 INPUT  A TRANS.  TFAA/FA 

OFF  OUTPUT  Y PULSE  P4 
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TABLE  14 


TRANSFORMER  TFAA/FA 


MODE : 2 

INPUT:  COM.  Y 
COMPUTER  RUN  : ARED3016 
ARED3038 

SHIELD:  ON 

OUTPUT:  COM.  A 

DATA:  INVERSE  SHAKER 

CASE 

7 

• s 

z. 

VT 

't 

et 

PULSE 

• 1A 

0 

107 

-5.20 

-123.55 

-49.51 

P4 

0 

.001 

-88.44 

-8.95 

-38.09 

30 

20 

-19.94 

-16.55 

-8.46 

4A 

5 

30 

-13.14 

-18.83 

-3.26 

5A 

6A 

7A 

8 A 

IB 

0 

107 

-6.48 

-123.65 

•49.80 

P5 

23 

0 

.001 

-89.45 

-8.19 

-37.90 

3B 

30 

20 

-15.03 

-15.75 

-4.48 

4B 

5 

30 

-12.16 

-17.90 

-1.80 

5B 

6B 

7B 

8B 

i 

■ • 

55 


FIGURE  40  MODE  2 INPUT  Y TRANS.  TFAA/FA 

SHIELD  ON  OUTPUT  A PULSE  P4 


FIGURE  41  MODE  2 INPUT  A TRANS.  TFAA/FA 

SHIELD  ON  OUTPUT  Y PULSE  P4 


FIGURE  42  MODE  2 INRUT  Y TRANS.  TFAA/ FA 

SHIELD  ON  OUTPUT  A PULSE  P5 


FIGURE  43  MODE  2 INPUT  A TRANS.  TFAA/ FA 

SHIELD  ON  OUTPUT  Y PULSE  P5 
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TABLE  17  TRANSFORMER  TFAA/FA 

MODE:  2 SHIELD:  OFT 

INPUT:  COM.  : OUTPUT:  COM.  Y 


COMPUTER  RUN  : FBLU3005 

DATA 

TAPE 

CASE 

Is 

*l 

VT 

It 

et 

PULSE 

1A 

0 

io7 

-2.19 

-113.24 

- 4 3 . 8 / 

P4 

2A 

0 

.001 

-88.50 

-2.67 

-37.26 

3A 

30 

20 

-11.02 

-4.23 

-0.45 

4A 

5A 

6A 

7A 

8A 

30 

-21.13 

-2.26 

-1.75 

IB 

0 

107 

-4.22 

-114.73 

-51.77 

P5 

2B 

0 

.001 

-89.76 

-2.71 

■ 37.66 

3B 

30 

20 

-10.40 

-6.44 

-0.78 

4B 

5B 

6B 

7B 

8B 

30 

5 

-19.56 

-4.31 

-2.48 

V *' 


dB 


-40-4 


1 

i 

i 

j 

® = IT,[2=Vr 

- 

\ 

^ r\ 

I 1 

X A 

1 J 

0 


20 


50' 


00 


FIGURE  44  MODE  2 
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INPUT  Y 
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OUTPUT 
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P4 
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TABLE  18  TRANSFORMER 
MODE : 3 

INPUT:  COM.  Y 

COMPUTER  RUN  : F0001820 
ARF.D2092 


TFAA/FA 

SHIELD:  ON 
OUTPUT:  DIF. 
DATA:  tape 


CASE 

zs 

zi 

VT 

et 

PULSE 

1A 

1 

107 

-18.88 

-141.94 

-74.17 

P4 

2A 

1 

.001 

-113.87 

-36.92 

-78.11 

3A 

20 

5 

-45.98 

-32.59 

-38.53 

4A 

20 

20 

-36.83 

-35.47 

-34.78 

5A 

40 

5 

-47.11 

32.18 

-38.28 

6A 

40 

20 

-37.04 

-35.04 

-34.73 

7A 

8A 

IB 

1 

107 

-23.53 

-140.27 

-73.40 

P5 

2B 

1 

.001 

-113.79 

-30.53 

-64.80 

3B 

20 

5 

-41.47 

-30.41 

-30.19 

4B 

20 

20 

-31.24 

-32.22 

-27.85 

5B 

40 

5 

-40.78 

-30. 2-’ 

-30.51 

6B 

40 

20 

-30.72 

-32.22 

-28.31 

7B 

8B 

64 


TABLE  19  TRANSFORMER  7F/ 
MODE  : 3 
INPUT:  DIF. 

COMPUTER  RUN:  E0001821 

F0003387 


CASE 

zs 

Z! 

■ 1A 

1 

107 

2A 

1 

.001 

3A 

5 

20 

4A 

20 

20 

5A 

5 

40 

6A 

20 

40 

7A 

8A 

18 

1 

107 

2B 

1 

.001 

33 

5 

20 

4B 

20 

20 

5B 

5 

40 

6b 

20 

40 

7B 

8B 

TM-82 


\A/"A 


SHIELD:  ON 
OUTPUT:  COM.  Y 
DATA:  TAPE 

VT 

't 

f:t 

PULSE 

-29.11 

-151.12 

-94.86 

P4 

-113.40 

-35.41 

-76.13 

-35.09 

-36.13 

-39.77 

-37.90 

-33.78 

■36.38 

-33.02 

-40.08 

-40.21 

-35.80 

-37.70 

-37.03 

-29.01 

-141.21 

-79.45 

P5 

-113.80 

-26.01 

-60.80 

-35.01 

-31.52 

-28.95 

-34.52 

-29.78 

-28.88 

-32.35 

-34.88 

-29. 18 

-32. C3 

33.31 

-29.24 

.-L-nl 

65 
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FIGURE  49  MODE  3 
SHIELD  ON 


INPUT  Y 
OUTPUT  A 


TRANS.  TFAA/FA  . 
PULSE  P4 


FIGURE  50  MODE  3 
SHIELD  ON 


INPUT  A 
OUTPUT  Y 


TRANS.  TFAA/FA 
PULSE  P4 


VT 

t— 

et 

PULSE 

-16.06 

-138.52 

-81.98 

P4 

-97.97 

-20.24 

-65.81 

-26.17 

-24.81 

-21.70 

-29.60 

-25.00 

-23.44 

-24.13 

-28.80 

•-22 . 50 

-26.85 

-28.27 

-23.48 

-760.0 

-16.09 

-380.0 

-27.87 

-26.80 

-23.43 

-16.79 

-132.95 

-67.42 

P5 

-98.49 

-14.24 

-50.24 

-23.30 

-23.30 

-15.35 

-23.78 

-22.60 

-17.53 

-20.94 

-22.96 

-16.37 

-21.52 

-26.33 

-18.10 

-760.0 

-14.87 

-380.0 

-22.33 

! 

i 

! 

-24.66 

-17.80 
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TABLE  21  TRANSFORMER  TFT 004 

MODE:  1 SHIELD:  ON 

INPUT:  COM.  A OUTPUT:  COM.  V 

COMPUTER  RUN:  F0003397  DATA:  JAPE 


CASE 

z5 

ZL 

VT 

>T 

et 

PULSE 

1A 

1 

107 

-17.78 

-133.09 

-66.39 

P4 

2A 

1 

.001 

-98.47 

-13.63 

-46.9? 

3A 

20 

10 

-32.47 

-21.66 

-16.67 

4A 

20 

30 

-28.21 

-26.93 

-17.37 

5A 

40 

10 

-35.76 

-21.85 

-19.15 

6A 

40 

30 

-30.79 

-26.41 

-19.09 

7A 

0 

10 

-24.32 

-19.94 

-13.39 

8A 

30 

30 

-29.64 

-26.62 

-18.33 

113 

1 

107 

-16.40 

131.5? 

-66.69 

P5 

2B 

1 

.001 

98.4  3 

-13.37 

-46.16 

3B 

20 

10 

-23,07 

-20.88 

-13.95 

4B 

20 

30 

-22.85 

-25.21 

-15.0c 

5B 

40 

10 

-29.59 

-21.03 

-15. u9 

6B 

40 

30 

-24.44 

25.43 

15.70 

7B 

0 

10 

-24.09 

-19.22 

-12.74 

8B 

30 

30 

-23.83 

-25.34 

-15.40 

70 
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TABLE  24  TRANSFORMER  TF1004 
MODE:  EQUIVALENT  TO  MODE  2 

INPUT:  COM.  A EQUIVALENT 
COMPUTER  RUN:  A0001659 
A0001661 


CASE 

..  zs 

VT 

_ !i 

et 

PULSE 

1A 

1 

107 

-20.99 

-140.90 

-32.57 

P4 

1 

.001 

-96.43 

-16.48 

-40.44 

0 

10 

-22.33 

-26.80 

-10.81 

4A 

20 

10 

-30.27 

-20.90 

-2.44 

5A 

6 A 

7A 

8A 

IB 

1 

107 

-19.83 

-143.40 

-58.88 

P5 

28 

1 

.001 

-92.80 

-16.48 

-43.45 

3B 

0 

10 

-22.33 

-26.80 

-10.81 

4B 

20 

10 

-27.18 

-23.29 

+ 1.19 

5B 

20 

5 

-30.39 

-20.48 

+ 1.92 

6B 

20 

25 

-23.85 

-27.90 

+0.90 

7B 

20 

40 

-22.76 

-30.88 

+0.91 

8B 

20 

.001 

-100.35 

-16.48 

-31.52 
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SHIELD:  ON 

OUTPUT:  COM.  Y EQUIVALENT 
DATA:  SHAKER 


TABLE  25  TRANSFORMER  TF1010 

MODE:  l 

SHIELD: 

ON 

input:  com.  y 

OUTPUT : 

COM.  A 

COMPUTER  RUN  : *ARED5066 

DATA: 

♦INVERSE  SHAKER 

F0003396 

TAPE 

-5.99 

-94.38 

-20.40 

-17.61 

-23.52 

-20.74 

-20.45 


■127.89 

-16.46 

-15.36 

-18.45 

-16.08 

-19.25 

-17.44 


-73.61 
-66.04 
-15.59 
-15.17 
-1C. 66 
-16  707 
-15.45 


PULSE 


P4 


-5.98 
-94.37 
-16.35 
-13.16 
-18.47 
-15.44 
-15.60 
-29.43 
-23.95 
-21.02 
-10.88 
-13.44 
-92 .46 
-11.70 


-120.25 

-9.31 

-14.68 

-17.51 

-15.58 

-13.44 

-16.72 

-6.60 

-6.63 

-7.77 

-17.23 

-10.58 

-8.99 

-16.34 


-57. ?5 
-48.73 
-8.76 


-9.49 

-9.07 

-20.54 

-20.83 

-27.43 

-9.07 

-0.03 

■41.48 

-8.86 
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TABLE  26  TRANSFORMER  TFIOIO 

MODE:  i SHIELD:  ON 

INPUT:  COM.  A OUTPUT:  COM.  Y 

COMPUTER  RUN:  F0003394  DATA:  TAPE 

F0003395 


CASE 

7s  . 

zi 

VT 

% 

PULSE 

IA 

1 

107 

-13.06 

-121.29 

-57.20 

P4 

2A 

1 

.001 

-94.72 

-3.55 

-43.27 

3A 

20 

20 

-20.82 

-12.07 

-6.76 

4A 

40 

20 

-24.06 

-12.75 

-6.80 

5A 

20 

40 

-19.11 

-16.26 

-7.28 

6A 

40 

40 

-22.39 

16.99 

-7.08 

7A 

30 

30 

-21.49 

-14.77 

-6.92 

8A 

IB 

1 

107 

-12.43 

-121.49 

-57.39 

' ■ ■ 

P5 

2B 

I 

.001 

-94.28 

-3.96 

-43.02 

3B 

20 

20 

-17.03 

-12.36 

-6.48 

4B 

40 

20 

-18.16 

12.61 

-6.44 

5B 

20 

40 

-15.10 

-16.43 

-7.01 

6B 

40 

40 

-16.21 

-16.72 

-6.73 

7B 

30 

30 

-16.36 

-14.74 

-6.60 

SB 

« 

I 

84 


FIGURE  70  MODE  1 INPUT 

SHIELD  ON  OUTPUT 


FIGURE  71  MODE  I INPUT 

SHIELD  ON  OUTPUT 
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TA3LE  28  TRANSFORMER  TFIOIO 

MODE:  2 SHIELO:  ON 

INPUT:  COM.  A OUTPUT:  COM.  Y 

COMPUTER  RUN : ARED3018  DATA*.  INVERSE  SHAKER 


CASE 

zs 

ZL  _ 

VT 

't  _ 

et 

PULSE 

1A 

0 

107 

-11.27 

-120.28 

-61.11 

P4 

2A 

0 

.001 

-94.50 

-3.37 

-44.17 

3A 

4A 

5A 

6A 

7A 

8A 

30 

30 

-20.21 

-11.54 

-9.95 

IB 

0 

107 

-10.61 

-121.00 

-61.03 

P5 

2B 

0 

.001 

-94.53 

-4  10 

-43.49 

3B 

4B 

5B 

6B 

7B 

8B 

30 

30 

-14.92 

-12.58 

-8.09 

©=iT,ra-vT 


FIGURE  80 

MODE 

5 

INPUT 

SHIELD 

ON 

OUTPUT 

o H 


-to  H 


©=iT,0=vT 


dB  -20  H 


/ 


0 


T“ 

10 


FIGURE  81  MODE 
SHIELD 


I | T 

20  30  4C 

Zl 

5 INPUT  A 

ON  OUTPUT  Y 
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TABLE  31  TRANSFORMER  CONTROL 

MODE : 1A  SI 

INPUT:  CCM-  480V  01 

COMPUTER  RUN  : FC003392  D, 

F0003432 


SHIELD: 

OUTPUT:  DIF.  120V 

DATA*.  JAPE 


PULSE 


-5.3? 
-108.59 
-34. /6 
-25.54 
-19.65 
-5.12 
-108.47 
-5.13 
-5.63 
-11.30 
-5.37 
-.12 . b4 


-11.10 

-10.24 

-10.53 

-10.63 


-46.59 

-27.17 

-12.69 

-47.77 

-14.90 


-41.31 

-49.70 

-13.56 

-9.42 


-106.57  -41.05 


-50.24 

-11.95 

-6.27 

-5.31 

-12.19 

-4.yu 


TABLE  32  TRANSFORMER 

CONTROL 

MODE : 2A 

SH 

INPUT:  DIF.  480V 

OU 

COMPUTER  RUN:  F00Q3393 

DA 

F0003433 


CASE 

zs 

_ ZL_  . 

VT 

1A 

1 

107 

-2.91 

mm 

1 

.001 

-107.54 

50 

5 

-35.86 

4A 

50 

15 

-26.49 

5A 

50’ 

30 

-20.56 

6A 

50 

107 

-2.87 

7A 

50 

.001 

-109.86 

8A 

. _ 

IB 

1 

107 

-3.79 

2B 

1 

.001 

-106.65 

3B 

50 

5 

-31.41 

4B 

50 

15 

-22.16 

5B 

50 

30 

rl6.92 

6B 

50 

107 

-3.02 

7B 

50 

.001 

-105.34 

8B 

50 

104 

-3.05 

93 

50 

103 

-3.79 

10B 

50 

102 

-10.61 

1 IB 

I 

102 

-10.51 

12B 

f 

1 

104 

-3.84 

SHIELD  OUTPUT  DIFF  120V  PULSE  P4 


FIGURE  85  MODE  2A  INPUT  DIFF 480VTRANS.  CONTROL 

SHIELD  OUTPUT  COM.  120VPULSE  P4 
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TABLE  34  TRNASFORMER  T1 7363 
MODE:  3A  SHIELD: 

INPUT:  com.  HV  WINDING  output:  COM.  LV  WINDING 

COMPUTER  RUN:  F0003422  DATA*.  TAPE 


1 CASE 

ZS 

.5 

V. 

i 

MHMI 

. CT  

PULSE 

1A 

1 

107 

-0.74 

1 

-43.44 

P4 

2.4 

1 

.001 

-87.88 

-40.50 

3A 

50 

10 

-13.89 

-4.84 

4A 

50 

25 

-8.68 

-1.09 

-2.40 

5A 

50 

50 

-7.87 

-6.17 

-0.86 

6A 

7A 

BA 

10 

25 

-6.45 

-1.56 

-2.76 

IB 

1 

107 

-3.93 

-108.79 

-50.27 

P5 

2B 

1 

.001 

-90.27 

+3.96 

-39.03 

3B 

50 

10 

-16.27 

+0.51 

-3.84 

4B 

50 

25 

-11.56 

-2.66 

-1.20 

5B 

50 

50 

-10.85 

-8.67 

+2.48 

6B 

7B 

8B 

10 

25 

-9.75 

-2.12 

-2.42 

1C 

1 

107 

-14.36 

-115. 9-- 

-53.39 

PI 

2C 

1 

.001 

-98.19 

+0.78 

-38.88 

3C 

50 

10 

-24.42 

-5.59 

-6.15 

4C 

50 

25 

-19.83 

-8.95 

-4.54 

5C 

50 

50 

-19.29 

-14.88 

-3.53 

6C 

t 

10 

25 

-18.68 

-8.89 

-4.25 
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FIGURE  89  MODE  3A  INPUT  HV  TRANS.  TF17363 

SHIl.LP  OUTPUT  LV  PULSE  Pi 
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40 
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MODE  3A 

INPUT 

HV 

TRANS. 
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OUTPUT 
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pt; 

ZL 

FIGURE  94  MODE  3A  INPUT  LV  TRANS,  TF17363 

SHIELD  OUTPUT  HV  PUI.E-L  P5 
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FIGURE  95  MODE  3A  INPUT  HV  TRANS.  TF 17363 

SHIELD  OUTPUT  LV  PUI i Si  P5 
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TABLE  35  (Cont.)  REGULATOR 

MOOE:  Am  COST  SHIELD: 

INPUT:  1 OUTPUT:  2 

COMPUTER  RUN:  FBLU6081 , DATA:  TAPE 

- FBLU6101 , 

FRED7035 


CASE 

. zs 

ZL 

,VT 

*L  . 

~T~ 

PULSE 

3B 

1 

10Z 

-2.34 

-114.05 

-49.52 

!'5 

40 

50 

107 

0.65 

106.15 

-37.33 

5b 

10 

10 

-22.47 

-13.16 

-4.94 

6B 

10 

50 

-11.23 

-15.65 

-3.14 

75 

1 

50 

-12.60 

-18.64 

-5.10 

8B 

100 

50 

-10.02 

-1C. 55 

-2.70 

Of7 

i 

50 

3 

32.24 

10.39 

-1C. 14 

10B 

50 

10 

-22.18 

-10.75 

6 . 09 

113 

50 

20 

■ -16.70 

-11.19 

■4.31 

1213 

5C 

50 

-10.23 

-12.37 

-2.70 

131'. 

50 

10n 

-6.3  n 

14.12 

-1.37 

140 

100 

10 

-22.03 

-9.08 

-6.71 

17B 

1 

1.-- 

40 . 99 

1 2 . 96 

-6. 74 

18E 

5C 

1 

-41.61 

-10.24 

-14.45 

NOTE:  CASE  IB,  2B,  15B  and  16B  are  void. 
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TABLE  36  REGULATOR 


MODE:  1A  BOOST  SHIELD: 

INPUT:  2 OUTPUT:  i 

COMPUTER  RUN:  FBLU6082,  DATA*.  TAPE 


. FRED7033 


i 


i 

-i 


FIGURE  100 


FIGURE  101 


MODE  4A  BOOST  INPUT  1 REGULATOR 


MS 
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TABLE  37  REGULATOR 

MODE:  4A  ■ t'CK  SHIELD: 

INPUT:  1 OUTPUT:  2 

COMPUTER  RUN : FBLU6084  DATA:  TApE 

- FRFD7034 


1 CASE 

_ zs  _ 

\ - 

VT 

ET 

PULSE 

mm 

1 

10  y 

1.14 

-118.90 

Gl.t-0 

'4 

4A 

60 

10y 

1.58, 

-103.65 

-47.09 

5A 

10 

10 

-15.88 

-6.18 

3 . 55 

6 A 

10 

50 

-6.87 

-12.14 

-4.60 

7A 

1 

50 

-0.33 

■ 20 . 90 

-11.26 

8A 

100 

50 

-8.0L 

6 02 

-2.13 

9A 

so 

3 

-28.15 

•2.07 

4.92 

10A 

50 

10 

-'8.51 

3.28 

■2.99 

1 1 A 

50 

20 

-13.43 

-4.5S 

2.56 

12A 

50 

50 

-J  .12 

• 7,33 

-2.35 

13A 

50 

100 

-4.50 

’.0.33 

.01 

14A 

100 

10 

-19.29 

-1.96 

3 . ^1 

17A 

1 

1 

-29.18 

-7.66 

-20.64 

18A 

50 

1 

-37.53 

1.77 

-."■.1C 

NOTE : 1A,  2A,  15A,  and  16A  are  void. 
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TABLE  38  (Cont.)  REGULATOR 


iOlL:  ]L,  2B,  15B,  and  16B  are  void. 


FIGURE  104 


MODE  4A  BUCK 


INPUT  1 
OUTPUT  2 


REGULATOR 
PULSE  P4 


FIGURE 


OUTPUT 


PULSE  P4 


FIGURE  106  MODE  4A  BUCK  INPUT  1 REGULATOR 


db 


FIGURE  107 


OUTPUT  2 PULSE  P4 


MODE  4A  BUCK  INPUT  2 REGULATOR 

OUTPUT  I PULSE  P4 


FIGURE  HO 


0 20  40  zL  60  80 

MODE  4A  BUCK  INPUT  1 
OUTPUT  2 


100 

REGULATOR 

""JL.'E  ,'5 


FIGURE  111 


MODE  4A  BUCK  INPUT 


1 


REGULATOR 
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4.0  POWER  SUBSYSTEM  ANALYSIS 

The  transformer  models  in  terms  of  ABCD  parameters  are  directly  applicable 
to  power  system  and  subsystem  computer  modeling.  A power  subsystem,  consist- 
ing of  power  wire  in  conduit  feeding  a shielded  transformer  which  powers 
direct  buried  cable  in  a lighting  string,  was  modeled  and  analyzed  for  EMP 
propagation.  The  analysis  used  the  ZAPTRN  program. 

The  computer  program  ZAPTRN  performs  basically  the  same  function  as  ZAPTST. 
The  main  difference  is  that  ZAPTRN  has  the  necessary  additional  subroutines 
and  other  software  to  compute  the  response  of  more  complicated  cascades  of 
elements  in  addition  to  the  transformer,  e.g.,  transmission-line  segments 
and  other  networks. 

The  specific  problem  was  to  obtain  an  approximate  solution  for  the  transient 
coupled  from  the  SAFEGUARD  threat  field  through  a 200-foot  direct  burled 
cable  used  to  transmit  power  from  a transformer  (TF1004)  in  the  RLOB  at  the 
RLS  to  a perimeter  lighting  system. 

A model  was  postulated  consisting  of  200  feet  of  buried  cable,  terminated  at 
its  outer  end  by  the  load  .sodel  depicted  in  figure  112.  The  inner  end  of 
the  cable  was  attached  to  the  RLOB  transformer,  whose  primary  was  fed  through 
50  feet  of  cable  in  a 2-inch  conduit.  The  conduit  cable  was  terminated  at 
its  far  end  by  the  load  model  depicted  in  figure  113.  The  rather  large  shunt 
capacitor  represents  a surge  capacitor  from  bus  to  ground,  while  the  induc- 
tance and  resistance  approximate  the  lead  inductance  and  resistance  plus  the 
ground  connection  resistance.  The  buried  cable  was  assumed  to  be  at  a depth 
of  3 feet  in  ground,  having  a relative  dielectric  constant  of  10.  andaa 

_3 

conductivity  of  1.  x 10  mhos/meter.  Any  possible  shielding  effect  of  the 
spiral  bending  which  is  part  of  such  cables  is  neglected.  In  the  TF1004 
model  used,  the  buried  cable  was  assumed  attached  to  the  y-connected  side. 
TF1004  has  a Faraday  shield. 
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F0003421 

FWKNG901 


FIGURE  112.  ASSUMED  TERMINATION  IMPEDANCE  ATTACHED 
TO  OUTER  END  OF  BURIED  CABLE 


1.0  fi 


50.fi 


F0003421 

FWKN09Q1 


FIGURE  113.  ASSUMED  LOAD  IMPEDANCE  ATTACHED 

TO  OUTER  END  OF  50  FOOT  LOAD  CABLE 
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4.0  (Continued) 

Table  39  gives  a summary  of  the  results  obtained  from  this  computation. 

Also  included  in  the  table  are  the  numbers  of  the  figures  showing  the 
computed  waveforms  at  various  points  in  the  circuit.  Bulk  (common-mode) 
quantities  were  computed. 

It  is  of  interest  to  compare  the  results  shown  in  table  39  with  the  results 
of  the  computations  done  with  the  ZAPTST  program  with  simple  resistive  ter- 
minations on  the  transformer.  For  this  comparison,  a case  was  selected  which 
used  the  P-5  pulse  shape  with  TF1004  and  about  40  ohm  resistive  terminations. 
The  latter  are  roughly  in  the  range  of  the  characteristic  impedances  of  the 
transmission  lines  used  here.  The  similarity  of  the  shapes  of  the  primary 
voltage  spectrum  at  the  transformer  input  for  the  P-5  pulse  and  the  corres- 
ponding computed  voltage  due  to  the  200-foot  buried  cable  of  the  problem  can 
be  seen  in  figures  120  and  121,  respectively.  It  appears  that  the  P-5  pulse 
used  in  much  of  the  transformer  analysis  is  reasonably  representative  of 
buried  cable  couplings.  The  attenuation  of  the  high  frequencies  is  evident. 

The  ZAPTST  case  found  a voltage  transmission  ratio  for  the  transformer  of 
-22  dB,  which  compares  with  -30  dB  above.  The  corresponding  ZAPTST  current 
transmission  ratio  was  -26  dB,  which  agrees  extremely  well  with  the  -26.9  dB 
in  table  39. 

The  difference  between  the  peak  current  in  the  load  and  the  peak  current 
at  the  transformer  output  seems  to  come  from  system  resonances.  The  current 
and  voltage  transmission  ratios  of  the  output  transmission  line  exhibited 
the  interlaced  periodic  peaks  that  are  characteristic  of  the  impedance- 
transforming property  of  transmission-line  segments.  The  first  peak  of  the 
current  transfer  ratio  was  about  16.5  dB  at  2.2  MHz,  and  5,0  dB  at  7.8  MHz, 
with  decreasing  peaks  spaced  about  5.2  MHz  apart,  where  the  line  is  an  odd 
number  of  quarter  wavelengths  long. 
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TABLE  39.  SUMMARY  OF  COMPUTER  RESULTS 

PEAK  VALUE  OF  TRANSIENT  VOLTAGE  AT  8.0  VOLTS 

TRANSFORMER  INPUT 

FIGURE  NUMBER  114 

PEAK  VALUE  OF  TRANSIENT  CURRENT  AT  0.13  AMPS 

TRANSFORMER  INPUT 

FIGURE  NUMBER  115 

PEAK  VALUE  OF  TRANSIENT  VOLTAGE  AT  0.22/-0.25  VOLTS 
TRANSFORMER  OUTPUT 

FIGURE  NUMBER  116 

PEAK  VALUE  OF  TRANSIENT  CURRENT  AT  5.7  ma/-5.9  ma 
TRANSFORMER  OUTPUT 

FIGURE  NUMBER  117 

PEAK  VALUE  OF  TRANSIENT  VOLTAGE  AT  LOAD  0.175  VOLTS 
FIGURE  NUMBER  118 

PEAK  VALUE  OF  TRANSIENT  CURRENT  AT  LOAD  8 ma 

FIGURE  NUMBER  119 

VOLTAGE  TRANSMISSION  RATIO  (TRANSFORMER  ONLY)  -30.35  dB 
CURRENT  TRANSMISSION  PATIO  (TRANSFORMER  ONLY)  -26.88  dB 
ENERGY  TRANSMISSION  RATIO  (TRANSFORMER  ONLY)  -33  dB 
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TRANSIENT  VOLTAGE  WAVEFORM  AT  TRANSFORMER  INPUT 


TRANSIENT  CURRENT  WAVEFORM  AT  TRANSFORMER 


FIGURE  116.  TRANSIENT  VOLTAGE  WAVEFORM  AT  TRANSFORMER  OUTPUT  TERMINALS 


0.2000 


FIGURE  118.  TRANSIENT  VOLTAGE  WAVEFORM  AT  LOAD  TERMINALS 


TRANSIENT  CURRENT  WAVEFORM  AT  LOAD  TERMINALS 


MAGNITUDE  OF  VOLTAGE  SPECTRUM  AT  T-1004  INPUT  TERMINALS 


FIGURE  121.  MAGNITUDE  OF  VOLTAGE  SPECTRUM  AT  T-1004  INPUT  TERMINALS 
FROM  THE  ZAPTRN  CASE  REPORTED  IN  TABLE  1 
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5.0  DATA  FLOW  EXAMPLE 

The  methodology  for  processing  the  transformer  measurements  is  illustrated 
preceeding  in  figures  12  through  15. 

The  output  from  each  data  processing  step  for  one  transformer  and  one  load 
condition  is  shown  following  in  figures  122  through  144.  The  transformer 
data  used  for  this  example  is  for  TF12  (see  table  1). 

An  intermediate  output  (figure  14)  from  the  ABCDOF  program  is  the  edited 
y-parameter  data  which  is  shown  in  figures  122  through  127.  The  result  of 
this  conversion  of  y parameters  to  ABCD  parameters  is  shown  in  figures  128 
through  135.  The  self-consistency  of  the  ABCD  parameters  is  demonstrated 
by  the  ABCD  determinant,  figures  136  and  137.  The  maximum  deviation  from  a 
value  of  1 for  the  amplitude  of  the  determinant  is  seen  to  be  less  than  7 
percent.  Another  output  from  the  ABCDOF  is  the  open  circuit  voltage  transfer 
rafio  (figures  136  and  137),  which  is  simply  the  inverse  of  the  A parameter 
(figure  2).  It  is  clear  that  the  most  important  region  in  figure  138  is  the 
highest  amplitude  region.  The  same  is  true  for  the  inverse  of  the  other 
ABCD  parameters.  The  SHAKER  routine,  figure  14,  heavily  weighs  the  data 
values  havinq  the  largest  amplitude.  Consequently,  for  the  best  results, 
SHAKER  is  applied  to  the  inverted  ABCD-parameter  data.  The  unloaded  voltage 
transfer  ratio  from  ABCDOF  can  be  compared  from  that  calculated  by  ZAPT5T 
(for  Z^-10  s ) as  an  accuracy  check. 

The  transformer  pulse  response  ^s  calculated  by  ZAPTST  using  either  the 
full  number  (1024)  of  the  data  points  or  the  SHAKER  output.  Some  ZAPTST 
results  for  transformer  TF12  are  shown  in  figures  140  through  144.  The 
impedances  used  for  these  figures  were  Z^ - 1 5 iS.  Z,  - 10<<,  with  pulse  P-5 
(case  4B,  table  6).  The  loaded  voltage  transfer  ratio,  the  input  and  out- 
put voltage  pulses,  and  the  input  and  output  pulse  transforms  are  shown. 
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